In this study, event-related potentials (ERPs) collected from normally hearing subjects and elicited by a multi-feature paradigm were investigated, and mismatch negativity (MMN) was detected. Standard stimuli and five types of deviant stimuli were presented in a specified sequence, while EEG data were recorded digitally at a 1024 sec -1 sampling rate. Two wavelet analyses were compared with a traditional difference-wave (DW) method. The Reverse biorthogonal wavelet ot the order of 6.8 and the quadratic B-Spline wavelet were applied for seven-level decomposition. The sixth-level approximation coefficients were appropriate for extracting the MMN from the averaged trace. The results obtained showed that wavelet decomposition (WLD) methods extract MMN as well as a band-pass digital filter (DF). The differences of the MMN peak latency between deviant types elicited by B-Spline WLD were more significant than those extracted by the DW, DF, or Reverse biorthogonal WLD. Also, wavelet coefficients of the delta-theta range indicated good discrimination between some combinations of the deviant types.
INTRODUCTION
Evoked potentials (EPs) or, more generally, eventrelated potentials (ERPs) are defined as changes in the electroencephalogram (EEG) related to certain events (external stimulation or internal processes in the CNS). Recently, mismatch negativity (MMN) studies of the central auditory function have become very popular [1] . The MMN detection opened an unprecedented window to the central auditory processing. The MMN, a change-specific component of the auditory ERP, is elicited by any discriminable change in auditory stimulation [2] . The MMN response is seen as a negative displacement recorded, in particular from frontocentral and central scalp sites relative to a mastoid or nose reference [3] .
A new multi-feature paradigm was proposed by Näätänen et al. [4] allowing researchers to obtain MMNs for several auditory attributes within a short time.
Data extraction is crucially important in MMN studies. Usually, after artifact rejection, recordings belonging to each type of stimulus are averaged to obtain the ERP waveform. Responses to standard stimuli are typically subtracted from the ERPs elicited by infrequently presented deviant stimuli. The resulting wave is called the difference wave (DW), which indicates the MMN [5] . The peak amplitude and peak latency of MMN are usually measured from the DW. This is the most common processing method used for MMN detection.
Generally, the signal processing techniques to extract MMN are divided into two categories, single-channel and multi-channel procedures. Some methods, such as difference-wave (DW), digital filters (DFs) [6, 7] , and wavelet decomposition (WLD [8] can be applied to one channel, and these are the single-channel procedures. Other methods, such as component analysis [9, 10] and matrix factorization [11] , need more than one channel and are categorized as multi-channel procedures.
The idea of using the adaptive filtering technique for analyzing EPs was first proposed by Orfanidis [12] and Thakor [13] and, later on, was investigated by other authors [14] [15] [16] . Researchers employed timefrequency analysis to gain an understanding of mass electrical activity of the brain. The wavelet transform has been applied to a few bioelectric signals. Thakor et al. [17] used a wavelet-based method for the analysis of ECG data, and Schiff et al. [18] used this approach for EEG.
Wavelet filters were especially designed for nonstationary signals; they utilize both time and frequency information related to a signal. WLD techniques factorize the signal into several levels with a particular wavelet at first, and then coefficients of the selected levels can be used for reconstruction or comparison [19] . Each level of decomposition matches a certain frequency band, although frequency bands of neighboring levels may overlap each other around the cut-off frequencies. Since the selected wavelet for decomposition and reconstruction may be correlated with the desired signal, overlapping signals can be separated by a DF.
In our study, five types of MMN were obtained using five different types of deviant stimuli presented in a special sequence. EEG signals of young people were recorded, and MMNs were analyzed with quadratic B-Spline WLD. To validate the effectiveness of the proposed methods, the results were compared with the average-based DW (calculated by subtracting the standard response from the deviant response), a DF technique, and a Reverse biorthogonal WLD with an order of 6.8 [20] .
METHODS
Subjects. The group of participants consisted of 43 healthy normally hearing volunteers, 21 men and 22 women. They were between 20 to 24 years old, with no history of auditory disorders, and most of them were university students.
Stimuli. In this study, MMNs were obtained using the new paradigm proposed by Näätänen et al. [4] , with a small change in the number of stimuli to shrink the of recording time. During the experiment, standard stimuli and five different types of deviant stimuli were presented. Figure 1 displays their features in summary. This paradigm makes it possible to obtain five types of MMN in a considerably shorter recording time compared with the traditional oddball conditions. In the new paradigm, each deviant is presented after a standard stimulus, meaning that the deviants occur with probability 0.5 relative to the standards (P Std =0.5, P Dev =0.5/5=0.1). Standard stimuli were composed of three sinusoidal tones of 500, 1000, and 1500 Hz with a total duration of 75 msec including 5-msec rise and 5-msec fall time. The intensity of the second and third tones sequentially was 3 and 6 dB lower than the first tone, respectively. The stimuli were presented binaurally via ER-3A insert earphones with an intensity level of 65 dB SPL and equal phase in both ears.
The deviant stimuli were generated differently from the standards in five categories. These differences were in the frequency, intensity, duration, perceived sound-source location, and a gap in the middle of the tone signal. Frequency, intensity, and location deviants were in two modes. Half of the frequency deviant tones were 10% higher (550, 1100, 1650 Hz), while the other half were 10% lower (450, 900, 1350 Hz) than the standard. Half of the intensity deviants were 10 dB lower, and the other half were 10 dB higher than the standard. Deviants of location were generated based on the change in the location of a perceived sound source. An interaural time difference of 800 µsec was applied for half of the deviants to the right channel and another half to the left channel. The duration deviant was shorter than the standart (5-msec rise, 15-msec flat, and 5-msec fall times). The silent gap deviant consisted of a 7-msec silent gap (including 1-msec rise and 1-msec fall times) in the middle of the standard stimulus. Figure 2 shows the waveforms of a standard stimulus, duration deviant, and silent gap deviant. Each deviant differed from the standard only in one feature.
The stimuli were presented in two 5-min-long blocks with a 500 msec onset asynchrony. In each block, the first 15 stimulus were standards, and the deviants were presented pseudo-randomly within the stimuli. So in an array of five deviants, each deviant was presented once, and two similar types of deviants never followed each other (Fig. 3) . A total of 1,230 stimuli was presented within the total recording time (about 10 min) for the five types of deviants. Stimuli were presented via Presentation ® software (version 0.71, Neurobehavioral Systems © , USA). This software is a specialized stimulus delivery and experimental control program for neuroscientific research purposes.
Procedure. EEG was recorded in an electromagnetic-and sound-proof chamber. Participants were seated on a comfortable chair, and their head, neck, and back were supported with pillows to reduce muscle contractions. They, with an EEG cap set on the scalp, were instructed to be relaxed, ignore the auditory stimuli, and stay awake. A subtitled silent movie was played on a front monitor to maintain alertness and to help participants pay no attention to the stimuli during the experiment. The EEG recording session, including preparation and recording per se, lasted about 30 min.
EEG Recording. Sixty-four-channel BRAIN QUICK LTM (Micromed, Italy) was used for recording electrical brain activities. Twenty-seven EEG channels were used. Ag-AgCl electrodes were filled with Electro-Gel and placed on 27 selected scalp sites (FP1, FPz, FP2, F7, F3, Fz, F4, F8, FT7, FC3, FCz, FC4, FT8, T7, C3, Cz, C4, T8, TP7, CP3, CPz, CP4, TP8, P3, Pz, P4, and POz) and mastoids (M1 and M2), according to the international 10-20 system. The potentials were referred to the nose tip. Electrooculogram (EOG) activity was recorded by placing electrodes below the left eye and at its outer canthus. Impedances during recording did not exceed 5 kΩ. EEG signals were digitized with a sampling rate of 1024 sec -1 and filtered by an online band-pass filter in the 0.001-100 Hz range. In addition, a custom-designed microcontroller device received digital events from Neurobehavioral presentation software and reformed it to compatible trigger signals to mark events on the computerized EEG record.
EEG Data Preprocessing. The EEG data were analyzed off-line using MATLAB ® 7.1. At first, these data were filtered by an off-line band-pass digital filter in the 0.5-40 Hz range. Then, epochs were extracted from the continuous data according to a trigger signal generated by a microcontroller device. All data were baseline-corrected by a 100 msec pre-stimulus. The EEG data were checked for blink, ECG, and other muscular artifacts by visual inspection. Epochs with artifacts were excluded from subsequent processing. In addition, epochs where the amplitude exceed 80 µV were automatically rejected. The mean number of trials (after artifact rejection) per subject was 1027. Finally, epochs of the standards and all type of deviants were averaged within 100 msec pre-stimulus to 380 msec post-stimulus segments separately. The first 15 standards of each block were excluded from averaging.
EEG Data Analysis. In several researches, various frequency bands were used to filter out interference from an averaged MMN trace. Kalyakin et al. [21] reported that the optimum frequency band of MMN of children was 2.0-8.8 Hz for the uninterrupted sound paradigm; Stefanics et al. [7] used two frequency bands (2.5-16 and 1.5-16 Hz) to obtain the MMN of neonates. Picton et al. [22] 
The wavelet transform gives a time frequency representation of a signal that is defined as the convolution between the signal x(t) and the wavelet function I k] refer to the scaling sequences [25] . A basic wavelet function to be compared with the signal should be chosen. There are many different functions suitable as wavelet, each one having different characteristics. A total of 110 wavelets consisting of different orders of Daubechies, Coiflets, Symlets, discrete Meyer, biorthogonal, and Reverse biorthogoanl wavelets was compared by Cong et al. [20] . Finally, the Reverse biorthogonal wavelet of the order of 6.8 was chosen for wavelet decomposition of MMN. The Spline wavelet was used to study the P300 of young people by Demiralp et al. [26] . Ademoglu et al. also used a quadratic Spline wavelet to characterize the N70-P100-N130 EP complex [27] .
Four data processing methods, DW, DF, and WLD with two different-type wavelet methods were used for comparison of the results. The MMN response is typically obtained in frontocentral sites better than in others [28] ; so, the following processes were applied in site FCz. In each method, MMN properties (peak amplitude and latency) were extracted.
For DW, traces were calculated by subtracting the responses to the standard stimuli from each type of deviants. The peak amplitude and latency were calculated in FCz for each subject. These properties were obtained based on the highest negativity of averaged MMN within a time window of 100-230 msec post-stimulus.
The DF was applied in three steps. Fourier transform of the signals was performed on average traces; then Fourier confidence levels outside the 1-8 Hz range were set to zero, and, finally, inverse Fourier transform was used to obtain the filtered traces.
For WLD, two different wavelets were used to decompose the signal into seven levels, and approximation coefficients of the sixth level were selected for reconstruction. Filter coefficients corresponding to a quadratic B-Spline wavelet were computed as described by Ademoglu et al. [27] . Filter coefficients for the Reverse biorthogonal wavelet were obtained by MATLAB. WLD with quadratic B-Spline wavelet is denoted below as WLD-BS, while the Reverse biorthogonal with wavelet of the order of 6.8 is denoted as WLD-RB.
In WLD, if the number of the decomposition levels is L, the number of samples of the signal per one second is N under the condition N = 2 L [6] . In our study, the sampling frequency for EEG data recording was set to 1024 sec -1 , so the signal could be composed of ten levels. The bandwidths at each decomposition level are shown in Table 1 . The frequencies are estimates of the bandwidth of each level, and these frequencies are not related to the properties of any wavelet.
Because the off-line digital band-pass filter was applied in 0.5-40 Hz, there is no useful data within 
RESULTS
Analysis of the efficacy of MMN measurements based on different methods was the main purpose of our study. The first MMN peak amplitude and latency were detected in each MMN for each subject, and then these data were examined using repeatedly-measured analysis of variance (ANOVA) to determine whether a difference of MMN properties (peak amplitude and latency) between five deviants was evident under each method used, respectively. Also, we wanted to determine whether the differences of MMN properties between WLD-BS and the DW, DF, or WLD-RB are significant. Figure 4 shows grand averaged waveforms obtained using DW, DF, and WLD procedures for each type of MMN. The thick solid, thin solid, dashed, and dotted lines represent the WLD-BS, WLD-RB, DF, and DW traces, respectively. A gray field designates the time window where the MMN peak amplitude was detected. As is shown, MMN did not appear for the intensity deviant in the same wave, as some other researchers reported [29] ; this is why we excluded it from the subsequent analysis.
The MMN peak latencies detected by different methods were found to be very similar (F 4,42 = 0.96, P = 0.41), although this was not true for the MMN peak amplitudes (F 4,42 = 38.02, P < 0.000). The peak amplitudes obtained by DW differed considerably from those obtained by WLDs or DF.
To investigate which MMN extraction method is better, the abilities of these methods to discriminate between different MMN types were compared. Hence, the MMN properties (peak latency and amplitude) extracted by the above processing methods were examined in all combinations.
The results of MMN extraction between each type of deviants using different methods are shown in Fig. 5 . All statistical tests of the differences between the MMN peak amplitudes and latencies elicited by four deviants using four methods are collected in this Figure. For all methods, the differences of the peak magnitude or latency between location and silent-gap deviants were not significant. The peak latency differences between frequency and duration deviants were also not significant for all methods, and the difference of the peak amplitude between these two deviants was significant for DW. The main effects of all methods for the peak latency in all combinations of deviants were similar to each other, as was expected from averaged traces in Fig.  4 . In total, the peak latency in WLD-BS for all combinations of deviants was significantly greater than that in other methods. In wavelet-based MMN extraction methods, the coefficients of various decomposition levels consist of time-frequency information, in contrast to DW or DF that only consist data on either time or frequency domains. According to the frequency band for MMN (about 1 to 10 Hz), the coefficients of sixth-level decomposition were compared. Figure 6 shows a statistical comparison of the test results of different types of responses for WLD methods. The WLD coefficients of averaged traces were compared by WLD-BS and WLD-RB; in column A this is performed for the standard and four deviants, while in column B this is performed for different waves. As is shown, discriminations are similar to each other and independent of the standard, i.e., whether a standard sweep was subtracted from A B the deviant sweeps or not. It should be noted that critical values from the t distribution were used after Bonferroni adjustment, to compensate for multiple comparisons.
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The WLD coefficients of delta-theta range for the standards were significantly greater than those for the deviants. There are main effects with respect to the deviant pairs, frequency/location, frequency/ silent gap, duration/location, and duration/silent gap. These results are obvious in Fig. 5 if the latency was the comparison factor. There was no main effect between the location and silent-gap deviants for each method, either for the peak latency and amplitude, or for the WLD coefficients.
DISCUSSION
In our study, the criteria used for evaluating the performance of the data processing methods were based on the MMN properties, i.e., it was believed that different types elicit different MMNs [30] . The experiment included five deviants differing in the frequency, intensity, duration, perceived location, and silent gap. The WLDs gave the actual MMN peak magnitude and latency, as was confirmed by analyzing the MMN properties between deviants (see Fig. 5 ). Table 2 shows statistical test results on the MMN peak amplitude and latency between WLD-BS and the DF, DW, or WLD-RB. For ANOVA, the method was the factor. The respective results show that the proposed WLD-BS performed differently with the DW in extracting MMN. However, there is a main effect between these two methods in extracting the MMN peak amplitude; they provided similar discriminations between different deviants (see Fig. 5 ).
WLD can be regarded as a special bandpass filter. The frequency responses of quadratic B-Spline WLD and Reverse biorthogonal WLD of the order of 6.8 are shown in Fig. 7 , and their filter coefficients are shown in Fig. 8 Concerning frequency information of the MMN, we need a filter having a better frequency match with the MMN frequency range to extract pure MMN. It seems that the WLD-BS is a good method for extracting MMN with better properties.
In our study, the compared results showed that there is no disparity between the WLD coefficients of deviants and WLD coefficients of DW (see Fig. 6 ). Hence, we can apply WLD to deviants directly instead of DW.
The WLD approach was applied for investigation of the differences between types of MMN obtained by a multi-feature paradigm in a sampling of normally hearing people. From this point of view, the WLD method and WLD coefficients can be used with respect to other subjects, e.g., complainers of hearing disorders; these also can be used to specify some brain pathologies.
Ideally, only MMN activity should remain in the data for detecting properties or feature extraction after data processing. However, the DW only removes the common variance in standard and deviant traces; other types of activity that overlap MMN are not segregated just in the time or frequency domain. Thus, time-frequency processing can be used to obtain pure MMNs; time and frequency information should be applied together for analyzing. This matter motivated us to use time-frequency analysis based on WLD and to compare types of MMN elicited by the specified new paradigm. With this approach, we have found that WLD coefficients are better tools to compare MMNs than estimation of traditional MMN properties (peak latency and amplitude).
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